Apo2 ligand or tumour necrosis factor-related apoptosisinducing ligand (Apo2L/TRAIL) is one of the several members of the tumour necrosis factor (TNF) gene superfamily that induce apoptosis through engagement of death receptors (DRs). Apo2L/TRAIL interacts with an unusually complex receptor system of two DRs and three decoys. This protein has garnered intense interest as a potential candidate for cancer therapy because as a trimer it selectively induces apoptosis in many transformed cells but not in normal cells. While much of the early characterisation of Apo2L/TRAIL and its receptors relied on overexpression studies, recent work using untransfected cells has clarified how endogenous proteins transmit apoptotic signals from this ligand. In this review, we focus on the apoptotic signalling pathways stimulated by Apo2L/TRAIL and summarise what is known about its physiological role.
Identification of Apo2L/TRAIL and its Receptors
Apo2 ligand or tumour necrosis factor-related apoptosisinducing ligand (Apo2L/TRAIL) was originally cloned by virtue of its sequence homology to Fas/Apo1 ligand (FasL) and the tumour necrosis factor (TNF) superfamily. 1, 2 Various studies show that Apo2L/TRAIL potently induces apoptosis in a broad range of cancer cell lines, but not in many normal cells. 3, 4 The identification of two signalling receptors of the TNF receptor (TNFR) gene superfamily that bind Apo2L/TRAIL pointed to the mechanism for induction of apoptosis by this ligand: DR4 5 (death receptor 4 or TRAIL-R1) and DR5 (TRAIL-R2) [6] [7] [8] [9] [10] [11] [12] both contain a conserved death domain motif ( Figure 1 ). The complexity of Apo2L/TRAIL's receptor system is unprecedented: in addition to the two DRs, three other receptors bind to Apo2L/TRAIL, and appear to act as 'decoys'. DcR1 (TRAIL-R3) 5, 6, 8, 13, 14 and DcR2 (TRAIL-R4) [15] [16] [17] have close homology to the extracellular domains of DR4 and DR5. DcR2 has a truncated, nonfunctional death domain, while DcR1 lacks transmembrane and death domains. Both receptors are therefore incapable of transmitting an apoptosis signal. A fifth binding protein, the soluble TNFR family member osteoprotegerin (OPG), binds Apo2L/TRAIL but has lower affinity at physiological temperature. 18, 19 . Apo2L/TRAIL is expressed as a type 2 transmembrane protein, but its extracellular domain can be proteolytically cleaved from the cell surface. Like most other TNF family members, Apo2L/TRAIL forms a homotrimer that binds three receptors, each at the interface between two of its subunits 20, 21 ( Figure 2) . A Zn atom bound by cysteines in the trimeric ligand is essential for optimal biological activity. 22, 23 Because of this unique structural feature, the method of preparing recombinant soluble ligand may be important for evaluating results: some preparations lacking the Zn have reduced solubility and tend to aggregate, perhaps explaining the reported toxicity of certain Apo2L/TRAIL preparations to human hepatocytes. 24, 25 Untagged, trimeric Apo2L/TRAIL containing stoichiometric Zn at doses up to 100 mg/ml did not induce significant cell death in either human or cynomolgous monkey hepatocytes 25 or in human keratinocytes. 26 Aggregated or antibody crosslinked forms of Apo2L/TRAIL can transduce a stronger signal through the DRs in certain cell types. Some cells including Jurkat T cells, hepatocytes and keratinocytes are resistant to the trimeric ligand but sensitive to these higher-order oligomeric forms.
Apo2L/TRAIL DISC
The earliest biochemical event following engagement of DRs by their ligand is the recruitment of proteins to the intracellular death domain of the receptor to form a structure known as the death-inducing signalling complex (DISC). 27 It is now firmly established that in untransfected cells the Apo2L/TRAIL DISC resembles that of Fas in that the adaptor protein Fasassociated death domain (FADD) and the apoptosis initiator caspase-8 are recruited to DR4 and/or DR5 shortly after addition of Apo2L/TRAIL [28] [29] [30] (Figure 3 ). Unlike the TNFR1 DISC, TRADD and RIP do not appear to be present in the native Apo2L/TRAIL DISC. 28, 29 Apo2L/TRAIL can trigger apoptosis independently through DR4 or DR5. 28, 29 In cells expressing both receptors, DR4 and DR5 can form heterocomplexes, 28 but it remains to be determined whether these have a specific signalling function. Once recruited to the DISC caspase-8 autoactivates by proteolysis, as evidenced by the presence of cleaved prodomain fragments that persist in the DISC.
Caspase-10 is an initiator caspase, found in primates but not rodents, with high homology to caspase-8. The importance of caspase-10 in the Apo2L/TRAIL DISC has been controversial. Lymphocytes from ALPS II patients bearing a caspase-10 mutation were resistant to Apo2L/TRAIL killing, 31 yet several groups were unable to show endogenous caspase-10 in the native Apo2L/TRAIL DISC. 29, 30 The discrepancy was resolved by evidence that many commercially available polyclonal antibodies, raised against a specific isoform of caspase-10, crossreact with the similarly sized Hsp60 protein. 32 Experiments with several carefully characterised caspase-10-specific antibodies demonstrated that endogenous caspase-10 is recruited and activated in the Apo2L/TRAIL DISC (as well as in the FasL DISC), and that it is capable of transmitting an apoptosis signal in the absence of caspase-8. 32 Consistent with the data from APLS II patients, a survey of lung and breast carcinoma cell lines showed that loss of caspase-10, often post-transcriptionally, was much more common than loss of caspase-8, suggesting the former might have a more significant role in resistance to apoptosis in cancer cells. 32 Contextual Importance of the Bcl-2 Family in Apoptosis Induction by Apo2L/TRAIL Apoptosis initiated through DRs depends on cell-extrinsic signals (i.e. engagement of death ligands) that result in DISC formation and proteolytic activation of caspase-3 by caspase-8 or -10. Cell-intrinsic cues such as DNA damage trigger apoptosis through a mitochondrial pathway (Figure 4a ). When the cell-intrinsic apoptosis pathway is stimulated, the Bcl-2 family member Bax translocates to the mitochondria, the mitochondrial transmembrane potential dissipates, and cytochrome c is released to the cytosol, activating caspase-9 and subsequently the effector caspases. 33 Proapoptotic members of the Bcl-2 family such as Bax or its homologue Bak are counteracted by the antiapoptotic family members Bcl-2 or Bcl-X L . 34 A subset of the Bcl-2 family, proteins such as Bim, Bid, PUMA and NOXA, contain only one of the four Bcl-2 homology domains (BH3) common to the rest of the family. BH3-only proteins interact with proapoptotic Bcl-2 family members to augment their activity. When cleaved by caspase-8, Bid translocates to the mitochondria where it activates Bax and Bak, providing a mechanism for crosstalk between the DRs and the intrinsic pathway. 35, 36 In addition to the proteolytic caspase cascade, caspase activity is further regulated by the inhibitors of apoptosis (IAP). The best characterised is XIAP, which inhibits caspase-9 and caspase-3 not by interacting with their zymogens but through binding to their intermediate and fully cleaved forms. 37 Smac/ DIABLO is released from the mitochondria of apoptotic cells and accelerates cell death activation by displacing XIAP from the caspases. 38, 39 In studies of Fas-induced apoptosis, Bcl-2 or Bcl-X L overexpression defines two types of cells with a differential dependence on the mitochondrial pathway. 40 In Type I cells, Bcl-2 or Bcl-X L block all the mitochondrial changes associated with cell death, but do not prevent Fas-initiated apoptosis. In these cells, robust DISC formation and processing of caspase-8 are thought to activate the effector caspases directly, committing the cells to death despite the lack of mitochondrial pathway participation. In mouse double knockouts of Bax and Bak, thymocytes remain sensitive to Fas despite the inactivation of the intrinsic pathway. 41 Type II cells, on the other hand, cannot die in response to Fas activation when Bcl-2 or Bcl-X L is overexpressed to block the mitochondrial cell death pathway. Hepatocytes are an example of cells that become resistant to Fas-induced apoptosis in vivo when Bid, or both Bax and Bak, are deleted. 42 In Bcl-2/X L overexpression systems, Apo2L/TRAIL-dependent killing does not necessarily fit the Type I/II model described for Fas. In the prototypical Type II cell lines, Jurkat and CEM, transfection of Bcl-2 blocked activation of caspase-8 after Fas stimulation, 40 but not after addition of Apo2L/ TRAIL. 43 Furthermore, while Fas-dependent apoptosis was completely prevented by Bcl-2/X L overexpression in these cell lines, 40 Apo2L/TRAIL killing was not, even though cytochrome c was not released to the cytosol and depolarisation of the mitochondrial membrane was delayed. 43, 44 In HL60 or HCT116 cells, however, overexpression of Bcl-2/X L blocked Apo2L/TRAIL-triggered apoptosis. 45, 46 Since the difference between Types I and II cells may lie at the level of DISC formation, it could be that the requirement for the mitochondrial pathway is not merely a property of a given cell, but depends also on which DR is mediating the apoptotic signal.
Gene ablation studies are perhaps a more definitive system than Bcl-2/X L overexpression for examining the requirement for the intrinsic pathway in Apo2L/TRAIL-initiated cell death. Three recent papers using a colon carcinoma cell line with Bax deletion [47] [48] [49] or selected for Bax mutation 47 showed that Bax was absolutely required for Apo2L/TRAIL-mediated apoptosis, even though Bak was expressed in these cells. 47 Early events triggered by Apo2L/TRAIL, such as DISC formation, caspase-8 activation and Bid cleavage were not dependent on Bax, but mitochondrial depolarisation, cytochrome c release and activation of caspase-9 were blocked in Bax-deficient cells. 47, 48 Thus, in these cells, the intrinsic pathway was required for Apo2L/TRAIL-mediated apoptosis, and Bax was essential for the mitochondrial events.
Of note, caspase-3 was cleaved to its p24 intermediate form in Bax-deficient cells after Apo2L/TRAIL stimulation. 48 Although this is contrary to the Type II cell model, which holds that the mitochondrial pathway is required to activate caspase-9 and thus caspase-3, it is not necessarily surprising given that caspase-8 was active and could process Bid. [47] [48] [49] Caspase-9 processes caspase-3 at the same cleavage site as caspase-8, so it may be redundant in caspase-3 activation. Full activation of the p24 form of caspase-3 is autocatalytic, a step that is blocked by XIAP 37 ( Figure 4b ). Bax deficiency was bypassed by cytosolic expression of Smac/DIABLO, which antagonises XIAP. 48 Therefore, it seems that in addition to promoting the activation of caspase-9, the mitochondrial pathway contributes to Apo2L/TRAIL-induced apoptosis by releasing Smac/DIABLO to the cytosol and relieving XIAP inhibition of caspase-3.
Thus, at least in some cells with Bax deficiency, the intrinsic pathway is essential for Apo2L/TRAIL to induce apoptosis. Other cells, even some that are Type II with respect to Fasinduced apoptosis, are apparently independent of this pathway.
Modulators of Apo2L/TRAIL Signalling
It is not fully understood why normal cells and certain tumour cells are resistant to Apo2L/TRAIL. Several potential mechanisms have been proposed, but no consistent correlations or causal connections have been shown.
One downstream effector of the mitochondrial apoptotic pathway is Smac/DIABLO, which relieves XIAP repression of caspase-3. A comparison of Apo2L/TRAIL-sensitive andresistant melanoma cell lines showed a strong correlation between sensitivity and effector caspase activity. 50 Although levels of XIAP did not differ between cell lines, association between XIAP and cleavage products of the caspase-3 zymogen correlated with Apo2L/TRAIL resistance. Apo2L/ TRAIL-sensitive cell lines released more Smac/DIABLO to the cytosol, so one factor contributing to resistance in some cells may be a decreased propensity to release Smac/DIABLO in response to Apo2L/TRAIL, leading to insufficient activation of effector caspases. Why the propensity varies remains to be determined.
Burns and El-Deiry 46 screened for genes in a human placental cDNA library that could confer Apo2L/TRAIL resistance to a sensitive colon carcinoma cell line. They recovered only the short form of the cellular FLICE-inhibitory protein (c-FLIP s ) and Bcl-X L . c-FLIP has homology to caspase-8 and caspase-10, but lacks protease activity. 51 It is therefore thought that c-FLIP recruitment to the DISC in place of the initiator caspases blocks their activation. Some overexpression studies point to c-FLIP as an inhibitor of caspase-8 activation at the Apo2L/TRAIL DISC, 52, 53 and others have found correlations between FLIP levels and Apo2L/TRAIL resistance. 54, 55 Other studies, however, failed to find such a correlation. 50, 56 Thus, it remains unclear whether c-FLIP is an important determinant of Apo2L/TRAIL resistance. As discussed above, studies on the effect of Bcl-X L overexpression on Apo2L/TRAIL sensitivity also yielded conflicting results.
Apo2L/TRAIL binds with high affinity to two receptors, DcR1 and DcR2, incapable of transmitting an apoptotic signal owing to absent or incomplete death domains. Overexpression of these receptors protects cells from apoptosis induction by Apo2L/TRAIL, suggesting that they act as 'decoys', sequestering the ligand from the signalling receptors. 6, 17 Many normal adult tissues express at least one of the DcRs. 6, 15 Surveys of cancer cell lines and tumours did not reveal correlations between DcR expression and Apo2L/TRAIL resistance, but almost all of these studies relied on detecting mRNA 54, 57, 58 rather than looking for cell surface expression of the proteins. 59 It is possible that even detection of receptors by Western blot 45 may be misleading as the DcRs sometimes localise within the cell rather than at the cell surface. 60, 61 It is not fully understood how widespread surface expression of the decoy receptors is in tumour or normal cells, or precisely how these receptors modulate Apo2L/TRAIL signalling.
NF-kB is strongly activated shortly after TNF engagement of TNFR1, generating a prosurvival signal that must be overcome in many cell types for TNF to induce apoptosis (reviewed in Wu et al. 62 ). NF-kB reportedly induces upregulation of FLIP, Bcl-X L and XIAP and may exert protection against cell death through these molecules. While Apo2L/ TRAIL can also activate NF-kB, stimulation is significantly attenuated and delayed, and requires high concentration of the ligand compared to that induced by TNF, suggesting that NF-kB induction by Apo2L/TRAIL may be a secondary, 6 In a cancer cell line with high constitutive NFkB activity, however, specific downregulation of NF-kB by inactivation of the I-kB kinase significantly sensitised the cells to Apo2L/TRAIL. 49 Thus, while Apo2L/TRAIL is unlikely to activate NF-kB directly, in some contexts this transcription factor can moderate sensitivity to this death ligand.
Other signalling pathways are likely to influence susceptibility to Apo2L/TRAIL. p53, an important mediator of apoptosis in response to DNA damage, upregulates DR5, thereby sensitising cells to Apo2L/TRAIL. 63 Protein kinase C, 64, 65 MAP kinase 66 and Akt 67,68 activity have also been reported to affect Apo2L/TRAIL activity, although the mechanisms are unclear at present.
In summary, DcRs, IAPs, FLIP and Bcl-2/X L appear to contribute to resistance when overexpressed, but a full understanding of their respective biological roles in unmanipulated cells requires further examination. NF-kB, p53 and various kinase signalling pathways may also modulate Apo2L/TRAIL sensitivity, especially in the context of transformed cells in which many of these activities are aberrant. The interactions of these signals may be complex and the important determinants of Apo2L/TRAIL sensitivity or resistance remain to be identified.
Does Apo2L/TRAIL Have Additional, Nonapoptotic Signalling Functions?
Kumar-Sinha et al. 69 looked directly at effects on transcription mediated by Apo2L/TRAIL signalling using microarray analysis. While informative, one important caveat to their results is that significant changes in mRNA levels in response to Apo2L/ TRAIL occurred only when the protein synthesis inhibitor cycloheximide was included. Under these conditions (and including a pan-caspase inhibitor to prevent apoptosis), Apo2L/TRAIL induced three clusters of genes over time. The early cluster, induced at 1-4 h, includes primarily genes that have not been well characterised with respect to apoptosis. After 4 h of treatment, many NF-kB-regulated genes were induced and remained high (the intermediate cluster). This delayed activation of NF-kB, relative to the rapid activation in response to TNF and the timing of Apo2L/TRAIL-induced cell death, further supports the notion that NF-kB activation is unlikely to be as important in Apo2L/ TRAIL signalling as it is for TNF. The late cluster, genes upregulated after 16 h exposure to Apo2L/TRAIL, was mainly interferon (IFN)-inducible genes. Despite the presence of cycloheximide in the experimental set-up, the authors found that protein synthesis was not completely blocked, and that significant amounts of IFN-b were synthesised after Apo2L/ TRAIL addition. These data, combined with the late time of induction of these genes, suggest that the cluster of IFNpathway-related genes is a secondary consequence of Apo2L/TRAIL exposure. Interestingly, induction of these genes was blocked when dominant-negative FADD was present.
This study is important as the only systematic examination of transcriptional signalling induced by Apo2L/TRAIL reported to date. However, the necessity to include cycloheximide and the late induction of many of the genes in a transformed cell line that would normally die within 4 h of Apo2L/TRAIL treatment raises the question of how relevant the results are to Apo2L/TRAIL's role in inducing apoptosis. To date, there have been no reports of how Apo2L/TRAIL affects apoptosisresistant cells. 
Physiological Role for Apo2L/TRAIL
The receptor system for Apo2L/TRAIL in mice is markedly less complex than in humans. There is only one signalling receptor, homologous to both DR4 and DR5 (Figure 1) , and so far no decoys have been identified. 70 The biology of Apo2L/ TRAIL may therefore differ significantly between the two species. Nonetheless, the phenotype of an Apo2L/TRAIL mouse knockout could be very informative with respect to the normal function of this death ligand in vivo. Apo2L/TRAIL knockout mice are viable, fertile and have no obvious haematological defects, 71 suggesting that this death ligand does not have an essential developmental function. Studies with these mice confirm earlier reports of the importance of Apo2L/TRAIL in immune surveillance.
In the mouse, Apo2L/TRAIL is expressed on liver natural killer (NK) cells, but not on other lymphocytes isolated from liver or spleen. 72 Blocking Apo2L/TRAIL partially prevents liver NK cell cytotoxicity in vitro, and dramatically increases liver metastasis of Apo2L/TRAIL-sensitive cell lines in vivo. Both Apo2L/TRAIL expression and its contribution to preventing liver metastases depend on IFN-g signalling (see below). Follow-up experiments show Apo2L/TRAIL is important in reducing the incidence of fibrosarcomas induced by low doses of the carcinogen methylcholanthrene. 73 Furthermore, these studies show that tumours are much more likely to be sensitive to Apo2L/TRAIL if they arise in the presence of Apo2L/TRAIL blocking antibodies.
Cretney et al. 71 confirmed many of these results in Apo2L/ TRAIL-deficient mice. Cytotoxicity of liver but not spleen NK cells is reduced whereas liver metastases, tumour growth of allografts in the mammary fat pad and fibrosarcoma induction by methylcholanthrene are all increased in the absence of Apo2L/TRAIL expression. Where it was directly compared, the magnitude of the effect of Apo2L/TRAIL gene ablation was similar to that achieved by anti-Apo2L/TRAIL blocking antibodies. Apo2L/TRAIL therefore contributes significantly to host defence against tumour initiation and metastasis in mice.
IFNs are known to have potent antitumour and antiviral effects, and mounting evidence suggests that Apo2L/TRAIL is an important effector of these activities. Both the mouse and human Apo2L/TRAIL promoters are regulated by IFN, 74, 75 and Apo2L/TRAIL is one of the earliest genes induced by IFN. Fibroblasts infected with human CMV and treated with IFN upregulate both Apo2L/TRAIL and its DRs. IFN potentiates the apoptotic response in infected cells by upregulating Apo2L/TRAIL on neighbouring uninfected cells while simultaneously downregulating the DRs, making CMV-infected cells differentially more sensitive to apoptosis induced by the ligand. 76 Similar differential effects on target and effector cells are seen when monocytes are treated with IFN: Apo2L/TRAIL is rapidly upregulated and DR5 downregulated. The monocytes become resistant to Apo2L/TRAIL and acquire antitumour cytotoxicity that is dependent on the ligand. 77 In addition, IL-2 stimulation induces Apo2L/TRAIL in human NK cells, which use the ligand to kill tumour cell targets.
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Apo2L/TRAIL is not found on the surface of resting peripheral blood T (PBT) cells, but is dramatically induced when PBT cells are stimulated with anti-CD3 antibodies in the presence of IFN. 79 These stimulated PBT cells have enhanced cytotoxicity against transformed cell lines that is Apo2L/TRAIL-dependent. The antitumour effects of IFN on multiple myeloma (a plasma B cell malignancy) are also associated with rapid upregulation of Apo2L/TRAIL, and are blocked by a dominant negative form of DR5. 80 In human bone marrow-derived dendritic cells, cell surfaceexpressed Apo2L/TRAIL cooperates with other death ligands to induce apoptosis in cancer cells. 81 Apo2L/TRAIL alone accounts for the cytotoxicity of measles virus-infected dendritic cells. 82 In this case, Apo2L/TRAIL was primarily intracellular, but blocking this ligand specifically prevented cytotoxicity. T-cell lines and normal T-cell blasts also have significant intracellular Apo2L/TRAIL in multivesicular bodies 83 . Activation with anti-CD59 antibodies specifically stimulates secretion of the transmembrane form of Apo2L/ TRAIL in microvesicles that have cytotoxic activity against Jurkat cells. Apo2L/TRAIL can thus be released from cells either as a soluble protein through proteolytic cleavage from the cell surface or by secretion of the transmembrane form of the ligand on vesicles.
In addition to Apo2L/TRAIL's contribution to immune surveillance, which is consistent with its known proapoptotic activity, Apo2L/TRAIL inhibits autoimmune inflammation in experimentally induced rheumatoid arthritis 84 and multiple sclerosis. 85 Intriguingly, these effects do not appear to be associated with induction of apoptosis in infiltrating lymphocytes. It will be interesting to investigate whether Apo2L/ TRAIL knockout mice have a greater propensity to develop autoimmune disease in response to experimental immunisation.
Apo2L/TRAIL thus mediates a significant part of the antitumour and antiviral cytotoxicity of dendritic cells, monocytes, NK and T cells, often augmented by IFN-regulated expression of this ligand and its DRs. Apo2L/TRAIL may therefore be an important innate effector molecule in immune surveillance. Additionally, Apo2L/TRAIL might function to keep inflammatory lymphocytes in check to prevent autoimmune disease.
Therapeutic Potential
Apoptosis induction in response to cell damage usually requires function of the tumour suppressor p53, which engages the cell-intrinsic apoptotic signalling pathway. In most human cancers, tumour progression as well as conventional treatments eventually select for tumour cells in which p53 is inactivated, resulting in resistance to therapy. DRs can instruct tumour cells to commit apoptotic suicide independently of p53 (Figure 4a) . Thus, targeting of DRs in cancer might be a useful therapeutic strategy. In tumours that retain some responsiveness to conventional therapy, DR engagement in combination with chemotherapy or radiation might lead to synergistic apoptosis activation, as well as reduce the probability that tumour cells resistant to either type of agent will emerge. In tumours that have lost p53 function, DR targeting might help circumvent resistance to chemotherapy and radiotherapy.
Recombinant soluble Apo2L/TRAIL induces apoptosis in a variety of cancer cell lines regardless of p53 status. This includes cell lines derived from cancers of the colon, lung, breast, prostate, pancreas, kidney, central nervous system and thyroid, as well as from leukaemia and multiple myeloma. Indeed, Apo2L/TRAIL is effective at inducing apoptosis in most multiple myeloma patient samples regardless of their resistance or sensitivity to chemotherapeutic drugs, 86 or prior exposure to chemotherapy. 59 In mouse models, Apo2L/ TRAIL demonstrated remarkable efficacy against tumour xenografts of colon carcinoma, 87, 88 breast carcinoma 4 , multiple myeloma, 86 or glioma 89, 90 cell lines. Moreover, combinations of Apo2L/TRAIL and certain DNA-damaging drugs 3, 91 or radiotherapy 92 exerted synergistic antitumour xenograft activity.
Like Apo2L/TRAIL, monoclonal antibodies that functionally engage DR4 or DR5 also display antitumour activity in certain xenograft studies. 93, 94 These include protoagonistic antibodies, which show agonistic activity upon crosslinking through the Fc domain, 93 and antibodies that appear to possess intrinsic agonistic activity; 94 however, this intrinsic activity may be caused by the presence of antibody aggregates, as is the case for anti-Fas/APO-1 antibodies. 95 Both types of antibody exhibit apoptosis-mediated antitumour efficacy in xenograft models. 93, 94 Various recombinant versions of human Apo2L/TRAIL have been generated. One version contains Apo2L/TRAIL amino acids 114-281 fused to an amino-terminal polyhistidine tag. 1 A second variant contains amino acids 95-281 fused amino terminally to a modified yeast Gal-4 leucine zipper (LZ) that promotes trimerisation of the ligand. 4 A third version contains residues 95-281 fused to an amino-terminal 'Flag' epitope tag; crosslinking of this tagged protein with anti-Flag antibodies enhances its activity against certain cell lines such as Jurkat T leukaemia. 23 Currently, a fourth recombinant version of the ligand probably is the most preferred for clinical application: it contains amino acids 114-281 of human Apo2L/ TRAIL without any added exogenous sequences. 87 This latter version is therefore the least likely to be immunogenic in human patients. The production of this version has been optimised by the addition of Zn and reducing agent to the cell culture media and extraction buffers, and by formulation of the purified protein at neutral pH. 25, 88 Most normal human cell types tested to date, including epithelial, endothelial, fibroblastic, and smooth muscle cells, are refractory to the nontagged, optimised version of Apo2L/ TRAIL. 3, 25 Some normal cell types, namely astrocytes, 3, 4 hepatocytes, 24, 25 and keratinocytes, 26 are resistant to this optimised ligand version, but show significant sensitivity to apoptosis induction by nonoptimised or antibody-crosslinked variants of the ligand. One potential explanation for this difference is that commitment of these normal cells to apoptosis might require high-order multimerisation of DR4 and DR5. The versions of the ligand that are tagged and not optimised for Zn content can have a low solubility and tend to aggregate and/or precipitate at high concentrations, as does the antibody-crosslinked ligand. Therefore, these preparations may over-multimerise DRs, leading to a signal that surpasses the high threshold for apoptosis activation in the normal cells. A report comparing Flag-tagged Apo2L/TRAIL in crosslinked or noncrosslinked form suggested that DR4 is responsive to both forms of the ligand, whereas DR5 responds only to crosslinked Apo2L/TRAIL. 96 However, data on the biochemical characteristics of the soluble ligand used in these experiments were not provided (for example, its Zn content, presence of aberrant intersubunit disulphides and of aggregates), making it difficult to assess the results. Moreover, several cell lines that express DR5 but not DR4 are efficiently killed by nontagged, Zn-bound Apo2L/TRAIL, including G55 and G142 glioblastoma cells (A.A., unpublished results).
Sensitivity to Apo2L/TRAIL requires the presence of at least one functioning DR since DR4 or DR5 can independently trigger apoptosis. No cell line expressing only DR4 has been reported, but experiments with DR4-crosslinking antibodies 28 or antibodies that block DR5 29 show that DR4 can transduce an apoptotic signal. Since both DR4 and DR5 are expressed in various normal tissues and transformed cell lines, 5-12 their presence, while required for Apo2L/TRAIL sensitivity, is not sufficient. Both receptors are located on chromosome 8p, [21] [22] a region of frequent loss of heterozygosity (LOH) in tumours. In a low percentage of non-Hodgkin's lymphoma, 97 nonsmall cell lung, 98 colorectal, 99 breast, 100 and head and neck 101 cancers, mutations or deletions were found that resulted in loss of both copies of DR4 or DR5. Inactivation of DR4/5 may therefore contribute to Apo2L/TRAIL resistance but only in a very small number of human cancers. Bax-deficient derivatives of the HCT116 colon carcinoma cell line are resistant to Apo2L/TRAIL. [46] [47] [48] [49] Bax mutation frequently occurs in the 15% of gastric, colon and endometrial cancers that harbour defects in DNA mismatch repair (MMR), 102 but does not appear to be common in MMRproficient cell lines and tumours. 103, 104 While MMR-deficient tumours are generally associated with favourable prognoses, patients whose tumours have Bax mutations have significantly shorter survival times. 105 Experiments with MMRdeficient cell lines show that in such cells Apo2L/TRAIL selects for Bax mutation, and thus for Apo2L/TRAIL resistance, both in vitro and in vivo in xenograft tumour models. 47 In vitro, prior exposure of Bax-deficient cells to topoisomerase inhibitors restores Apo2L/TRAIL sensitivity, probably by upregulating DR5 and more significantly, the Bax homologue Bak. Tumour xenografts derived from Bax-deficient cells are resistant to Apo2L/TRAIL alone, but respond when pretreated with CPT-11. Thus, the acquisition of Bax mutation in a therapeutic setting could contribute significantly to the development of Apo2L/TRAIL resistance in MMR-deficient tumours, but combining treatment with pre-exposure to chemotherapeutic drugs might circumvent this resistance.
Other in vivo studies show that Apo2L/TRAIL interacts positively not only with chemotherapy but also with irradiation. Breast carcinoma cells implanted in mouse mammary fat pads responded synergistically to a combination of Apo2L/ TRAIL and radiation treatment. 92, 106 Apo2L/TRAIL might therefore be most effective in combination with conventional cancer treatments. Experiments assessing the interaction of Apo2L/TRAIL with unconventional agents such as antibodies directed to tumour antigens or tyrosine kinase inhibitors are ongoing.
Initial studies in nonhuman primates, namely, cynomolgous monkeys and chimpanzees, show that short-term intravenous administration of nontagged, Zn-bound Apo2L/TRAIL is well tolerated even at very high doses. 25, 88 Thus, given Apo2L/ TRAIL's preferential proapoptotic activity on cancer cells over most normal cells, interest has focused on this ligand as a potential cancer therapeutic. Nevertheless, given that certain versions of Apo2L/TRAIL can induce hepatocyte apoptosis, 24, 25 the preclinical assessment of the ligand, as well as of other agents that target DR4 or DR5, as therapies for human patients must be performed with utmost caution.
Future Directions
Owing to its differential toxicity towards transformed versus normal cells, Apo2L/TRAIL shows promise as a potential cancer therapy agent although further preclinical safety testing is important to allay concerns about possible hepatotoxicity. Much progress has been made on elucidating the endogenous biochemical pathway leading to Apo2L/TRAILinduced apoptosis in cancer cells. Why normal cells generally resist Apo2L/TRAIL, how oncogenic transformation and perhaps infection makes them sensitive to this death ligand, and whether they respond to the ligand in other ways besides cell death is still not fully understood. Elucidating these questions will help advance a more in-depth biological understanding of this fascinating ligand-receptor system and realise its exciting therapeutic potential.
